Introduction
Intrinsically disordered proteins (IDPs) are proteins that lack stable tertiary conformation (3D structure) under physiological conditions and are biologically active in their unstructured form. IDPs are disordered either along their entire lengths, but more often they are disordered only in localized regions, intrinsically disordered regions (IDRs).
IDRs often undergo transitions to more ordered states after binding to their targets and adopt a fixed three dimensional structures. Folding transition enables specificity without excessive binding strength. Important characteristic of IDRs is multispecificity. One IDR is able to bind multiple targets (multispecific recognition) because it can adopt different conformations upon interaction with different binding partners [1] . IDPs are able to simultaneously bind their partners, which enable the assembly of large complexes. An additional functional advantage of IDPs is increased speed of the interaction due to greater capture radius and larger interaction surfaces.
The level of IDPs is tightly regulated in a cell and diverse post-translational modifications facilitate regulation of their function [2] .
IDRs with multispecific recognition capabilities are especially important for the complex recognition processes. Therefore, IDRs are particularly enriched in proteins implicated in cell signalling. It is known that the majority of transcription factors and proteins involved in signal transduction contain long disordered segments [3] . How about IDPs in replication process? The analysis of the yeast proteome showed that IDPs are often located in the cell nucleus [4] . In addition, IDRs are abundant in DNA-binding proteins and many replication and recombination proteins are DNA-binding proteins. Many IDPs are involved in recognition and regulation pathways, because interactions with multiple partner molecules and high-specificity/lowaffinity interactions are extremely important in these pathways. Additional interesting feature of IDRs is that they are very sensitive to the environment (Subchapter 4.2.). Summarizing these findings, a high level of protein disorder is to be expected in processes that take place in the cell nucleus and the highest level of disorder is expected in processes involved in responses to environmental changes. Therefore it is expected that in the nucleus, transcription is a process with the highest level of IDPs. Recombination and repair processes are also expected to have many IDPs; however, these processes are tightly linked to DNA replication and many proteins are used by all three processes. DNA replication is a process that proceeds by a precise program with a defined temporal order. The structural and functional properties of IDPs indicate that a disordered structure is likely present to a lesser extent in DNA replication process. Because of the need for responsiveness to the environment, the initiation of DNA replication should engage more IDPs than the elongation of DNA replication. It is expected that the majority of IDPs in these processes are regulatory proteins.
In this chapter, the binding mechanism of IDRs, the level of IDRs in replication and recombination proteins, and the role of IDPs in replication and recombination processes are discussed.
Intrinsically disordered proteins
IDPs contain one or more long intrinsically disordered regions (IDRs) or they are disordered along their entire lengths. Structural disorder can span from short stretches, through long regions, to entire proteins [5] . The majority of IDRs is not fully disordered, but contains some secondary structure and sometimes even partial tertiary structure. IDRs are dynamic fluctuating systems that exist as structural ensembles of rapidly interconverting alternative conformations and perform their biological functions in a highly dynamic disordered state; however, they often have more compact configurations than simply a random coil and contain sites of molecular recognition [6] . The structure of IDPs is similar to a molten globule or pre-molten globule, which preserve the main elements of the native secondary structure and the approximate positions of the folded state, while the loops and ends are flexible. Structural flexibility is a major feature and a major functional advantage of these proteins. IDRs are rich in binding sites for various partners and these binding sites mean that many IDPs with flexible structure are polyfunctional proteins.
The disordered structure gives IDPs specific properties. They need no stable conformation to remain functional; therefore, they are more robust to different changes. Contrary to globular proteins, IDPs are stable at extreme temperatures and extreme pHs [7] . Increases and decreases in temperature or pH can even induce partial folding of IDPs. It has been shown that IDPs partially fold at extreme pH due to minimization of their large net charge present at neutral pH. An increase in temperature can also induce the partial folding of IDPs; in addition, they are resistant to freeze-thaw treatment [8] .
Amino acid (AA) composition of IDPs
IDPs have a specific AA composition that differs from the AA composition of ordered proteins. In particular, IDPs are depleted in hydrophobic (Ile, Leu, Val) and aromatic AA (Trp, Tyr, Phe) that stabilize the structure of folded proteins, while they are enriched in hydrophilic and charged AAs. The charge/hydropathy (C/H) ratio has been suggested to govern the degree of compaction in IDPs [9] . The combination of low hydrophobicity and high net charge represents an important prerequisite for the disordered structure under physiological conditions.
Evolution
IDPs are more abundant in eukaryotes than in archaea and prokaryotes, while multicellular eukaryotes have much more predicted disorder than unicellular eukaryotes [4, 10] . IDPs play an important role in complex organisms by participating in recognition and in various signalling and regulatory pathways.
IDRs show higher robustness against mutations [11] , presumably because changes in protein sequence do not affect protein stability and function as severely. IDRs are more tolerant of mutations than structured proteins. It was found that flexible proteins exhibiting functional promiscuity are the foundation stones of protein evolvability [12] . They are able to accumulate a large number of mutations and thereby facilitate adaptation. Structural disorder seems to enable the rapid appearance of novel, 'less-evolved' proteins [13] . It has been shown that in alternative splicing both alternative proteins have high disorders, because the chance is very low that dual coding would result in two sequences that are both capable of folding into well-defined, functional, 3D structures [14] .
The binding mechanism of IDRs
IDPs bind to their molecular partners and perform their biological functions by regulation of the function of their binding partners or by promotion the assembly of multi-molecular complexes. One IDR is able to bind many different partners because of its flexible structure; on the other hand, some IDRs do not bind to any partner, but they provide flexible linkers between domains that maintain constant motion during functioning or they provide flexible tails that regulate the structured domains [7, 15] .
IDPs have functionally relevant characteristics:
• They frequently fold up upon binding to their biological targets [16] . The interaction of a disordered protein with a structured partner, very often induces a disorder-to-order transition thereby forming stable structures, enabling high-specificity-low-affinity interactions [17, 18] .
• They have possibility of overlapping binding sites (binding diversity) due to extended linear conformation [19] . Structural flexibility of IDPs enables their interactions with numerous biological targets.
• IDRs enable a very large accessible surface area [20] . Greater capture radius and larger interaction surfaces enable increased speed of interactions [15] .
• IDPs undergo tighter regulation by post-translational modification as compared to structured proteins [2] .
Complexes with IDPs
Molecular complexes with IDPs are diverse: the IDR may bind on the surface of the binding partner (Figure 1 ), by wrapping around the binding partner, or by penetrating deep inside the binding partner [21] . The majority of intrinsically disorder-based complexes are ordered and relatively static due to disorder-to-order transitions; however, there are also dynamic complexes where IDRs go through an ensemble of rapidly interconverting conformations. Dynamic complexes do not involve significant ordering of the interacting protein segments but rely exclusively on transient contacts.
Mechanisms of formation of the complexes with IDPs
The primary mechanism by which disorder is utilized in molecular interactions is that the same IDR may fold differently and bind to several structurally diverse partners. On the other hand, different IDRs with different AA sequences may use their flexibility to bind to the same protein partner [6, 22] . Their associations are dynamic. The lack of structure of highly flexible IDRs enables more diverse functionality [23] . IDRs are ensembles of conformations and each individual conformation has a dynamic structure. The binding partner selects the most binding-compatible conformation from this ensemble to form a complex [21, 15] . The equilibrium is thus shifted towards this interaction-prone member of the conformational ensemble.
Models of IDRs interaction processes:
• The 'binding and folding' mechanism with disorder-to-order transition is the most accepted model for the binding of IDR, where a highly structured conformation is formed by binding to the partner molecule. A structured conformation is formed on binding IDR (the local disorder-to-order transition) or on the entire molecule of IDP (the global disorder-to-order transition) [25, 26] . An IDR binds weakly at a relatively large distance followed by folding when the protein comes close to the binding site. One model utilizes a prediction that an IDR with an open structure has a larger binding surface and a greater capture radius for a specific binding site than the ordered protein and therefore the binding rate is significantly enhanced over the binding rate of the ordered proteins [21] . The binding induced disorder-to-order transition is accompanied by a dramatic decrease in accessible surface area and by the release of a large number of water molecules [6] . A large decrease in conformation entropy during this process enables highly specific but easily reversible interactions.
• The 'polyelectrostatic' model describes the interaction of highly charged IDR with several similar binding motifs and a folded partner with one binding site [27, 28] . Multiple disordered binding motifs interact with the partner's folded binding site in a dynamic equilibrium. The flexibility of the IDR makes all binding motifs equally accessible. Weak affinities of the individual interactions permit their efficient exchange. In this model, the IDR generates an electrostatic field representing the cumulative electrostatic interaction of all charges in the IDR.
• The 'multi-step interaction' model describes the binding of an IDR that depends on the conformational selection of the structural ensemble via the pre-formed elements that dominate the ensemble [29] . When the IDP comes close to the binding site of the partner molecule, an encounter complex is formed that either proceeds towards the final complex or dissociates again. Electrostatic forces are the most important for encounter complex formation [30] . Interacting partners in the encounter complex affect the conformational landscapes of each other. Consecutive steps depend on the preceding steps and cooperation between protein partners. This process is called an interdependent protein dance [31, 32] . The structural variability of complexes with IDPs can be considered a reflection of interdependent protein dynamics, where the structure of the complex is a result of coordinated mutual co-folding [21] . In such encounters 'pre-organized' complexes, mainly non-specific electrostatic interactions are involved and multiple conformations and orientations are employed. In the 'multi-step interaction' model, IDPs interacts with their partners by a biphasic process with a fast Phase I leading to the formation of disordered complexes and slower Phase II leading to the formation of ordered complexes. Phase II includes the 'Binding and folding' model that may or may not (binding without folding) follow a Phase I [33] . 'Polyelectrostatic' complexes are probably the stopped stages of encounter complexes [21] .
It is the most likely that the IDR contains a conformational preference for the structure it will take upon binding.
Levels of IDPs in the cell and modulation of their activity
The level of IDPs inside the cell is precisely controlled. IDPs are more tightly regulated as compared to structured proteins. Obviously it is very important that they are available at the appropriate time and in the appropriate amount. The level of IDPs is controlled at the synthesis and clearance levels and their activity is further modulated via interaction with specific binding partners and post-translational modifications. IDRs are more solvent-accessible then folded regions and therefore suitable for diverse post-translational modifications, such as phosphorylation, sumoylation, ubiquitination, acetylation, etc. Such modification can change the electrostatic properties of IDRs and affect their affinity for charged molecules like DNA.
The predicted intrinsic disorder is the strongest determinant of dosage sensitivity -proteins become harmful when they are overexpressed [34] . The likely cause of dosage sensitivity is the binding promiscuity of IDPs [11] . IDRs are prone to make promiscuous interactions when their concentration is increased; it has been demonstrated that this is a likely cause of pathology when genes are overexpressed [34] .
The role of IDPs in replication processes
This chapter refers to the proteins of budding yeast Saccharomyces cerevisiae, because S.cerevisiae is the best studied eukaryotic model organism that providing the most integrated view of replication and recombination processes.
DNA replication process is tightly linked to recombination process
DNA replication and DNA recombination are central characteristics of life that cooperate to maintain biological inheritance and genomic integrity. Replication enables the formation of two identical DNA molecules from a single double-stranded DNA, while recombination enables accurate repair of errors that occur on both strands of DNA, as well as the formation of new combinations of genes. Both processes are tightly intertwined [35] . The recombination system plays a crucial role in DNA replication ensuring that the replication machines can complete their task of genome duplication. DNA replication forks stall or collapse at DNA lesions or problematic genomic regions. When replication forks collapse, recombination is the most important rescue mechanism. The recombination mechanism forms substrates for the assembly of a new replication fork thus allowing continued DNA replication. On the other hand, DNA synthesis is a crucial step during the recombination process. After Rad51-mediated DNA strand invasion, DNA synthesis is the next step in recombination to restore the integrity of the chromosome. Repair DNA synthesis during the recombination process is similar to normal S-phase replication, but has specific properties. Thus recombination is part of DNA replication and, vice versa, DNA synthesis is part of the recombination process.
Clearly then, the replication process requires both, replication and recombination proteins, but then again so does the recombination process. This is why replication and recombination proteins are discussed within the same functional group.
Predicted level of IDPs in replication and recombination processes
There are some facts to consider when predicting the level of IDPs in replication and recombination processes:
• An analysis of the yeast proteome showed that IDPs are often located in the cell nucleus [4] . IDRs are abundant in DNA-binding proteins, while many replication and recombination proteins are DNA-binding proteins. IDRs play a crucial role in DNAbinding proteins by increasing the affinity and specificity of DNA binding [36] . The ability of IDRs to interact with DNA is tightly linked to the high content of charged residues in IDRs; IDRs that bind to DNA are rich in positively charged residues and their positive charges are highly clustered.
• Many IDPs are involved in recognition and regulation pathways, because interactions with multiple partner molecules and high-specificity/low-affinity interactions are extremely important in these pathways [2] .
• Interesting feature of IDRs is that they are very sensitive to the environment. Flexible IDPs more readily undergo conformational change in response to environmental perturbations than rigid proteins [37, 38] . Due to flexible structure, their local and global structures can easily be shaped by their environment. High-specificity/low-affinity interactions with their partners enable extremely sensitive functioning of IDPs, which is favourable for responses to the environmental changes. In addition, the level of IDPs inside the cell is precisely controlled (Subchapter 3.4.) allowing rapid and accurate responses of the cell to changing environmental conditions. Higher and more regulated synthesis, higher degradation rates, and tightly regulated activity make the levels of IDPs very sensitive to the environment.
Summarizing these findings, a high level of protein disorder is to be expected in processes that take place in the cell nucleus, especially within regulatory proteins. The highest level of disorder is expected in processes involved in responses to environmental changes. According to those findings, in the nucleus, transcription should be the process with the highest level of IDPs. Recombination and repair processes are also expected to have many IDPs; however, these processes are tightly linked to DNA replication and many proteins are used by all these processes. DNA replication is a process that proceeds by a precise program with a defined temporal order. The structural and functional properties of IDPs indicate that a disordered structure is likely present to a lesser extent in DNA replication process. However, the initiation of DNA replication would be expected to engage more IDPs than the elongation of DNA replication due to the need for responsiveness to the environment ( Figure 3 ). It is expected that the majority of IDPs in these processes are regulatory proteins. 
IDRs in replication proteins
Analysis of predicted IDRs within proteins that have a role in DNA replication was done ( Table 1 ). The majority of them functions also in recombination and repair processes.
It was found that proteins with the role in initiation of DNA replication have more predicted disordered structure (26%) than proteins with the role in elongation of DNA replication (20%). Difference is significant among proteins with very short IDRs; there is 35% proteins with the role in initiation of DNA replication that contain less than 10% disordered structure, while there is as much as 60% such proteins with the role in elongation of DNA replication. However, difference is tiny among proteins with very large IDRs; 22% proteins with the role in initiation of DNA replication contain more than 50% disordered structure and there is 20% such proteins with the role in elongation of DNA replication. [40] was used for protein disorder prediction. *Predicted disorder regions more than 30 AA long (more than 20 AA long for very small proteins). R -proteins involved in recombination and repair processes; Disordered regions at N-or C-terminus are underlined. The majority (63%) of IDRs are at N-or C-terminus in proteins that have a role in DNA replication. Most often IDRs are at the N-terminus, in 44% of replication proteins; 19% of replication proteins have IDRs at the C-terminus.
IDRs in DNA polymerases

DNA polymerase α
Polymerase α is the only enzyme that can synthesize DNA de novo. It is required for initiation of chromosomal DNA replication during mitosis and meiosis, intragenic recombination, and repair of double stranded DNA breaks. Pol1, the catalytic subunit of polymerase α complex, has a lot of disordered structure in comparison to Pol3 and Pol2 (Table 1 ). This fact is consistent with the hypothesis concerning the expected average level of disordered structures, since Pol1 is required for the initiation of DNA replication and Pol3 and Pol2 are required for the elongation of DNA replication.
It was shown that IDR of Pol1 interacts with Cdc13: Pol1 residues 13-392 [41] or Pol1 residues 47-560 [42] . Actually, a short fragment of Pol1 consisting only of residues 215-250 is necessary and sufficient for binding with Cdc13. This disordered region of Pol1 becomes well ordered, folded into a single amphipathic α-helix, when it is in complex with Cdc13, as evidenced by good electron density in the crystals [43] . The interaction between IDR of Pol1 and Cdc13 is primarily mediated by a highly positively charged groove of Cdc13 and a negatively charged acidic convex surface of Pol1. These two surfaces are not only opposite in charge distribution but also complementary in shape.
DNA polymerase δ
DNA polymerase δ is a major replicative DNA polymerase and is primarily required for the lagging strand synthesis. It is a heterotrimeric complex composed of the catalytic subunit Pol3, the structural subunit Pol31, and an additional auxiliary subunit Pol32. Pol32 is highly disordered protein (Figure 4 ). While structured Pol3 and Pol31 are essential for viability, the disordered Pol32 is not essential. Pol3 and Pol31 are highly conserved in eukaryotes; on the other hand, the disordered Pol32 shows an extreme divergence in its AA sequence [44] . Hydrodynamic studies of polymerase δ have shown an unusually high Stokes radius [45] . This deviation from globularity may be due to the disordered structure of Pol32.
Pol32 is bound to Pol3 through Pol31. The C-terminus of Pol3 interacts with the conserved region of Pol31 [46] . Deletion of the last four C-terminal AAs of Pol3, which are required for the interaction between the Pol3 and Pol31, does not affect DNA replication but leads to defects in homologous recombination and in break-induced replication repair pathways. Deletion of Pol32 leads to signs of DNA replication defects and DNA repair defects, with increased sensitivity to ultraviolet (UV) radiation and methylation damage [47] .
Pol32 binds to Pol31 by the N-terminus (92 AA) and to PCNA by the C-terminus [48] . The structured N-terminus of Pol32, which enables binding to Pol3 through Pol31, is essential for damage-induced mutagenesis. Highly disordered C-terminus of Pol32 interacts with the C-terminus of PCNA during DNA synthesis. Although the C-terminus of Pol32 is highly disordered, there is one motif that is highly conserved in this region: the consensus PCNAbinding motif 338-QGTLESFFKRKAK-350 (conserved amino acids in bold). It has also been shown that Pol32 interacts also with Pol1 that is a part of polymerase α, suggesting that Pol δ and Pol α interact via the Pol32 subunit [48] . These findings show diverse role of Pol32 as typical IDP.
For the replication of the lagging strand where the polymerase must dissociate from the DNA after extension of each Okazaki fragment, Polδ utilizes a collision-release mechanism where the Polδ is released from PCNA. Polδ exhibits a very high processivity in synthesizing DNA with the PCNA sliding clamp. It has been shown that the N-terminal region of Pol3 interacts with PCNA, and that this interaction increases Pol3 processivity [49] . The N-terminal of Pol3 is predicted to be highly disordered (Table 1 ). Pol31 and Pol32 also have binding sites for PCNA and all three subunits contribute to PCNA-stimulated DNA synthesis by Polδ [50] .
DNA polymerase ε
DNA polymerase ε is primarily required for the leading strand synthesizes. Pol2 is the catalytic subunit of the polymerase ε complex. It has been shown that the highly structured Cterminus of Pol2 is essential for DNA replication [51] .
Dpb3 and Dpb4 are nonessential small subunits of the DNA polymerase ε complex, which have a histone fold. Both Dpb3 and Dpb4 are highly disordered. They form a subassembly that interacts with histones and functions in transcriptional silencing caused by chromatin structures [52] .
Dbf4, IDP with the role in replication and recombination
The complex Cdc7-Dbf4, also known as Dbf4-dependent kinase (DDK), has a role at eukaryotic origins of replication. DDK is required for origin firing and replication fork progression in mitotic S phase, for pre-meiotic DNA replication, meiotic double strand break formation, recruitment of the monopolin complex to kinetochores during meiosis I and as a gene-specific regulator of the meiosis-specific transcription factor Ndt80p. DDK is a Ser/Thr kinase whose activity depends on the association of the Cdc7 catalytic subunit with a regulatory subunit Dbf4. The level of Dbf4 is changes during the cell cycle and is the highest during metaphase I [53] . Both subunits Cdc7 and Dbf4 are essential for growth. As expected, the regulatory subunit Dbf4 is highly disordered (Figure 5 ), while catalytic subunit Cdc7 is a highly structured protein ( Figure 6 ).
Dbf4 is a highly disordered protein with a disordered N-terminus (110 AA) and an IDR that is half the length of the protein at the C-terminus; it has only a 200 AA long structural region between both IDRs ( Figure 5 ). It was shown that highly disordered C-terminus of Dbf4 has a role in response to mutation by HU and that it is required in meiosis [54] . Superfamily assignments [55] show no confident structure prediction for Dbf4, while Cdc7 has a predicted cyclin-dependent protein kinase function at 1-304 AA with protein, ATP, and DNA binding activity. Cdc7 has well conserved subdomains (30-195, 275-348, 438-465) found in the eukaryotic protein kinase superfamily, while Dbf4 contains only three short conserved regions, termed N (135-179), M (260-309), and C (659-696) [56] . Two of the three conserved regions (N and M) are found in the the structural region of Dbf4.
Dbf4 in initiation of replication during mitosis
DDK phosphorylates the Mcm2-7 helicase, and is probably required for helicase activation or for recruitment of pre-IC factors. DDK preferentially phosphorylates the MCM complexes that are most tightly linked to the DNA [57] . Dbf4 associates with origins in an ORC-dependent manner [58] . The pre-RC components Mcm2, Mcm4, Orc2, and Orc3 have each been identified as binding partners for Dbf4 [59, 60, 61] . The N-terminal half of Dbf4 is critical for recruitment of DDK to the origin. The highly disordered C-terminal half of Dbf4 is required to bind the Cdc7 kinase [58] ; more precisely, region 573-695 is required for interaction with Cdc7, while the structured region of Dbf4 (110-296) is required for binding the Mcm2-7 complex [60] .
Dbf4 in checkpoint control
During the replication checkpoint response, Dbf4 is phosphorylated by checkpoint kinase Rad53 allowing inhibition of initiation of replication at late origins. Checkpoint control during S-phase slows the rate of DNA replication in response to DNA damage and blocks the replication fork. This regulation is achieved through the Rad53 kinase-dependent block of late origins of replication [62] . Dbf4 has been shown to be phosphorylated in a Rad53-dependent manner in response to replication stress, which correlates with a reduced DDK activity [63] . It was shown that mutations at predicted Rad53 phosphorylation sites (Ser84, Ser235, Ser377, Thr467, Thr506, Ser507, and Thr551) contribute to bypassing such control [64] .
The conserved region N of Dbf4 (66-221) is necessary for the interaction of Cdc7-Dbf4 with the checkpoint kinase Rad53. The core of this binding region folds as a BRCT domain; in addition, it includes an additional N-terminal helix unique to Dbf4 that is essential for the interaction with Rad53 [65] . This unique N-terminal part of the conserved region N is predicted to be an IDR ( Figure 6 ) and probably becomes helix-structured after binding with Rad53.
Dbf4 in meiosis
DDK is required for replication, recombination and segregation events during meiosis in yeast. It has been shown that in addition to the initiation of DNA replication, DDK has an important role in the initiation of meiotic recombination [66] . DDK phosphorylates the double strand break protein Mer2 and facilitates meiotic recombination [67] . CDK-S and DDK function sequentially phosphorylate Mer2 on adjacent serines, Ser30 and Ser29, allowing formation of meiotic double strand breaks.
DDK plays a role in meiotic segregation. DDK allows expression of NDT80, a global transcription factor in meiosis, required for the induction of genes required for meiotic progression and spore formation. DDK promotes NDT80 transcription by relieving repression mediated by a complex of Sum1, Rfm1, and histone deacetylase Hst1. Sum1 exhibits meiosis-specific Cdc7-dependent phosphorylation. By this function, DDK links DNA replication to the segregation of homologous chromosomes in meiosis I [68, 69] .
DDK is also necessary for recruitment of monopolin Mam1 to sister kinetochores, which is required for mono-orientation of sister kinetochores in the reductional segregation occurring during meiosis I.
The use of the same Cdc7-Dbf4 complex to regulate many distinct meiosis-specific processes could be important for the coordination of these processes during meiosis [68] . DDK is a link between DNA replication, recombination and mono-orientation during meiosis I in budding yeast [70] . In addition to the unifying role in meiosis, DDK has a role in initiation of replication during mitosis and in checkpoint control. Highly flexible structure of Dbf4 is very likely crucial for such a complex role of DDK.
Ecm11, IDP with the role in replication and recombination
Ecm11 is a protein with a strong meiotic phenotype; it affects meiotic DNA synthesis and recombination [71] . Homozygous deletion of the ECM11 gene causes delay in a process of meiosis, lower efficiency of ascii formation and lower spore viability. Ecm11 is highly disordered protein; 2/3 of Ecm11 is unstructured (Table 1) . Ecm11 has 302 mostly hydrophilic AA as expected for IDP (Subchapter 2.1.). IDR of 183 AA is located at the N-terminal end of Ecm11 ( Figure 7 ). The C-terminal end is predicted to be mostly helical and contain coiled-coil motif at the very C-terminus. Superfamiliy assignments [55] show no confident structure prediction for Ecm11.
The ecm11 mutation affects sporulation efficiency
It was showed that ecm11 homozygous diploid strains sporulate more slowly and less efficiently than the wild type strains [71] . Wild type strains carrying additional ECM11 on the centromeric plasmid also showed reduced sporulation efficiency comparing to wild types. Obviously, sporulation efficiency depends on the copy number of Ecm11 protein in the cell during meiosis. As more Ecm11 than usual in the cell make lower sporulation efficiency, Ecm11 is probably a part of heterologous protein complex, demanding exactly correct balance among those proteins.
Ecm11 has a role in meiotic recombination
It was showed that ecm11 homozygous spores have reduced viability for 50% [71] . The majority of ecm11 ascii (56%) produced only two viable spores, while only 1% of such ascii were observed in the parental strain. This result shows non-disjunction of homologous chromosomes at the first meiotic division. By recombination tests was demonstrated that ECM11 is required for crossing over, but not for gene conversion. This result raises the possibility that ecm11 mutation impairs the crossover process at an early step of recombination, at the differentiation of intermediates into crossovers or non-crossovers.
Ecm11 is required for meiotic DNA replication
Deletion of the ECM11 gene cause diminished DNA replication in meiosis [71] .
In the two-hybrid screen it was found out that Ecm11 strongly interacts with Cdc6 that has a pivotal role in the initiation of DNA replication [72] . Genetic interactions between Cdc6 and Ecm11 were also observed. Moderate supression of cdc6-1 mutation by overexpression of ECM11 was detected [72] and deletion of ECM11 in cdc6-1 genetic background enhances thermo-sensitivity of cdc6-1 mutation (Zavec AB, unpublished result). These data suggest direct involving of Ecm11 in initiation of DNA replication process.
Ecm11 is modified by SUMO during meiosis
IDPs are tightly regulated in a cell and diverse post-translational modifications (such as ubiquitination, sumoylation, and phosphorylation) facilitate regulation of their function (Subchapter 3.4.). It was shown that the majority of Ecm11 protein in the cell is sumoylated during meiosis [73] . Lys5 at the highly disordered N-terminus of Ecm11 is modified by SU-MO. It was shown that sumoylation is essential for biological role of Ecm11 in meiosis and that sumoylation directly regulates Ecm11 function in meiosis.
Conclusion
Cell nuclei contain high levels of IDPs. In this work, a hypothesis has been made, that in the nucleus, transcription is a process with the highest level of IDPs and that a disordered structure is likely present to a lesser extent in DNA replication process. However, the initiation of DNA replication would be expected to engage more IDPs than the elongation of DNA replication due to the need for responsiveness to the environment. By analysis of predicted disordered structure in replication proteins, it was confirmed that proteins with the role in initiation of DNA replication have more disordered structure than proteins with the role in elongation of DNA replication. The majority of IDRs in these proteins are at N-or C-terminus, most often IDRs are at the N-terminus of IDPs.
